Mechanical stimulation of plants triggers a cytoplasmic Ca 2+ increase that is thought to link the touch stimulus to appropriate growth responses. We found that in roots of Arabidopsis thaliana, external and endogenously generated mechanical forces consistently trigger rapid and transient increases in cytosolic Ca 2+ and that the signatures of these Ca 2+ transients are stimulus specific. Mechanical stimulation likewise elicited an apoplastic alkalinization and cytoplasmic acidification as well as apoplastic reactive oxygen species (ROS) production. These responses showed the same kinetics as mechanically induced Ca 2+ transients and could be elicited in the absence of a mechanical stimulus by artificially increasing Ca 2+ concentrations. Both pH changes and ROS production were inhibited by pretreatment with a Ca 2+ channel blocker, which also inhibited mechanically induced elevations in cytosolic Ca 2+ . In trichoblasts of the Arabidopsis root hair defective2 mutant, which lacks a functional NADPH oxidase RBOH C, touch stimulation still triggered pH changes but not the local increase in ROS production seen in wild-type plants. Thus, mechanical stimulation likely elicits Ca 2+ -dependent activation of RBOH C, resulting in ROS production to the cell wall. This ROS production appears to be coordinated with intra-and extracellular pH changes through the same mechanically induced cytosolic Ca 2+ transient.
INTRODUCTION
Plants are exquisitely sensitive to mechanical stimuli. Growth can be entrained to sustained mechanical loading, such as in the formation of reaction wood, and mechanically stimulated plants are often shorter and more robust (Mitchell, 1996; Braam, 2005; Meng et al., 2006) . Directional mechanical stimuli can also be converted to coordinated growth responses, such as thigmotropism (e.g., Jaffe et al., 2002) . At a molecular level, mechanostimulation has been characterized to elicit events ranging from rapid and widespread transcriptional changes (e.g., Braam and Davis, 1990; Kimbrough et al., 2004; Walley et al., 2007; Leblanc-Fournier et al., 2008) to ethylene and jasmonate production (Mitchell, 1996; Tretner et al., 2008) .
However, mechanical stresses are not only imposed by the environment but are also generated endogenously as an inevitable consequence of the expansive growth of pressurized cells. For highly polarized cells, such as root hairs and pollen tubes, control of expansion-related mechanical stresses seems to be a fundamental aspect of growth regulation (Dutta and Robinson, 2004; Monshausen et al., 2007 Monshausen et al., , 2008a . At the tissue and organ level, mechanical forces may even drive cellular patterning (Hamant et al., 2008) .
While the molecular basis for perception of a mechanical stimulus remains to be identified, the widespread demonstration of rapid increases in cytosolic Ca 2+ in response to touch has led to models of plant mechanosensing via Ca 2+ channels in the plasma membrane, analogous to mechanically gated Ca 2+ channels reported for mammalian cells (reviewed in Liedtke, 2008; Monshausen et al., 2008b; Monshausen and Gilroy, 2009) .
Ca 2+ -dependent proteins, such as those encoded by the TCH genes, have been proposed as downstream elements closely linked to the initial Ca 2+ signal in this touch response system (e.g., Braam et al., 1997) . Similarly, the complex and genomewide alterations in gene expression patterns seen to accompany mechanostimulation in aerial and root tissues (Kimbrough et al., 2004; Lee et al., 2005) likely represent responses to signals such as the Ca 2+ changes generated by initial mechanoperception. Indeed, a stress-induced, rapid increase in the concentration of cytosolic Ca 2+ has been proposed to trigger altered gene expression not only in response to mechanostimulation but also to myriad biotic and abiotic stresses (Knight, 2000) .
Other features that have been proposed to be linked to the initial events of mechanoperception include changes in reactive oxygen species (ROS; Yahraus et al., 1995; Gus-Mayer et al., 1998 ) that might in turn affect ROS-gated Ca 2+ channels (Mori and Schroeder, 2004) , and ion fluxes at the plasma membrane (Monshausen and Sievers, 1998; Fasano et al., 2001) . However, in all these cases, a lack of data on the rapid cellular responses that are induced by or accompany the initial Ca 2+ increase has limited our understanding of mechanoperception. We therefore monitored the initial cellular events triggered by mechanical stimulation of the root of Arabidopsis thaliana to define possible rapid processes activated by mechanical signals at the cell surface. We report that while different types of mechanical stimuli all elicit the elevation of cytosolic Ca 2+ , the signature of these Ca 2+ signals is stimulus specific. These Ca 2+ increases then trigger transient changes in pH and extracellular ROS, the kinetics of which closely mimic the Ca 2+ signature. Importantly, this Ca 2+ -dependent signaling pathway is not just triggered by exogenous mechanical perturbation but is also activated in response to endogenously generated mechanical forces. We speculate that this signaling pathway is intimately involved in modulating cell wall characteristics to counteract mechanical stress.
RESULTS

Cytosolic Ca 2+ Transients Are Triggered by Mechanical Stimulation of the Arabidopsis Root
It has previously been demonstrated that mechanical stimulation triggers transient elevations in cytosolic Ca 2+ (Knight et al., 1991; Legue et al., 1997) , but whether there is a relationship between the signature of the elicited Ca 2+ signal and the type of mechanical stress imposed has yet to be defined. We used the Foerster resonance energy transfer (FRET)-based Ca 2+ sensor YC3.6 (Nagai et al., 2004; Monshausen et al., 2008a) to noninvasively, and with cellular resolution, monitor and compare the stimulusspecific Ca 2+ changes triggered by (1) touching an individual root epidermal cell, (2) bending a root, and (3) the mechanical stresses generated endogenously in the root during a thigmotropic growth response.
Point contacts to the surface of the plant have been proposed to represent signals related to fungal penetration or herbivore attack (Hardham et al., 2008) . We found that mechanically perturbing a single root epidermal cell with a glass micropipette elicited an increase in cytosolic Ca 2+ at the site of touch within 1 to 18 s after initiation of the stimulus, with initiating root hairs responding more quickly (6 6 2.7 s, n = 11) than other sites on the root epidermis (12.6 6 3.7 s, n = 18). Once triggered, the Ca 2+ elevation spread throughout the cytoplasm and nucleus over the course of 2 to 10 s and subsequently dissipated (Figures 1A and 2A; see Supplemental Figure 1 online) . This transient and monophasic Ca 2+ increase was abolished by a brief (2 to 5 min) pretreatment with blockers of Ca 2+ permeable channels, such as La 3+ or Gd 3+ (see Supplemental Figures 2A and 2B online) , suggesting that the rise in cytosolic Ca 2+ levels required the influx of Ca 2+ from the extracellular space across the plasma membrane.
In contrast with the highly localized mechanical perturbation described above, bending of an organ differentially affects entire tissues and is likely to occur in aerial parts of the plant during, for example, wind stress, or in roots during the growth response to obstacles in the soil (see below). Such a stimulus leads to stretching of cells on the convex side of the curve while compressing cells on the concave side. To impose a bend on roots of Arabidopsis seedlings, we immobilized the base of the root in agarose and flexed the exposed part of the root with the aid of a glass capillary. Bending the organ to a final angle of 408 to 908 was accomplished within #8 s and resulted in stretching of epidermal cells by up to 10% in length on the convex side. Cytosolic Ca 2+ levels in these cells rose within 1s of the start of bending, well before the final angle was achieved (Figures 1B and 2B; see Supplemental Movie 1 online). This initial elevation peaked after 4.6 6 1.8 s but was then followed by a smaller second peak within 36.6 6 6.7 s (n = 11; Figure 2B ). Interestingly, this biphasic Ca 2+ transient was elicited by bending stimuli of both short (#12 s) and long (>2 min) duration (i.e., the second phase of the Ca 2+ transient occurred even when the bend had already been released and the root had straightened) (see Supplemental Figures 3A and 3B online) . Biphasic responses were also observed when roots were bent to a shallower angle of 138 to 208, though the second peak was strongly attenuated (see Supplemental Figure 3C online). By contrast, compression of cells on the concave side triggered either no detectable (three out of eight measurements; see Supplemental Figure 4 online) or a much lower monophasic Ca 2+ elevation ( Figure 2B ). Intriguingly, subsequent release of this compression resulted in a strong, but consistently monophasic rise in Ca 2+ , but only in those cases where the bend had been sustained for 1 to 2 min (see Supplemental Figure 4 online). Consistent with the characteristics of the localized touch stimulation described above, pretreatment with La 3+ also abolished both phases of these bending-induced Ca 2+ elevations (see Supplemental Figure 2C online).
Both the touch and bending experiments described above represent the imposition of an exogenous stimulus. We therefore asked whether the endogenous mechanical forces generated by growth were capable of eliciting similar Ca 2+ signals. Roots encountering an impenetrable obstacle show a characteristic thigmotropic growth response, bending first in the central/proximal elongation zone and subsequently producing a second curvature in the distal elongation zone that represents a combination of thigmotropic and gravitropic responses (Massa and Gilroy, 2003) . High-resolution measurements of the development of the initial bend demonstrated that when a root encountered a barrier at a right angle, the position of the root tip initially changed very little as the root pressed against the obstacle ( Figure 1C ; see Supplemental Movie 2 and Supplemental Figure 5 online). This was followed by release of the accumulated strain as a slippage of the root tip to the side, producing a bend in the basal elongation zone. Root slippage was characterized by a rapid increase in root tip angle for up to 7 min, after which the tip angle changed more slowly (see Supplemental Figure 5 online). These results suggest that extension growth stored while the root pressed against the obstacle was suddenly released during the period of sideways slippage.
As the speed and localization of bending during slippage was reminiscent of the bends we imposed with a glass capillary (see above), we measured cytosolic Ca 2+ levels in YC3.6-expressing Arabidopsis roots encountering a barrier using vertical stage confocal microscopy. While we were unable to detect changes in cytosolic Ca 2+ in the root elongation zone during the initial phase of contact with the barrier, there was a sudden increase in Ca 2+ during the phase of slippage (Figures 1C and 2C ; see Supplemental Movie 3 online). In the basal elongation zone, Ca 2+ levels (A) Transient elevation of cytosolic Ca 2+ triggered by a localized touch stimulus. The first panel shows a bright-field image of a root epidermal cell about to be stimulated with the micropipette touch probe. The sequence of fluorescence images was taken during mechanical stimulation (arrows) of the same cell. Numbers represent time after the start of the touch stimulus in seconds. A red shift in signal reflects an increase in cytosolic Ca 2+ . While the exact strength of the stimulus could not be determined under these conditions, it was sufficient to indent the cell surface, as seen in images taken at 13 and 15.5 s. Note that the Ca 2+ concentration rises first in the immediate vicinity of the touch site and then spreads throughout the cytoplasm and nucleus. Bar = 10 mm. Representative of n > 10 measurements. (B) Transient elevation of cytosolic Ca 2+ triggered by bending a root. The first panel shows a bright-field image of the root prior to the bending stimulus. The glass capillary used to bend the root can be seen to the right of the root. The sequence of fluorescence images was taken during mechanical stimulation. Numbers represent time after the start of bending in seconds. A red shift in signal reflects an increase in cytosolic Ca 2+ . Note that the Ca 2+ concentration increases most strongly in the epidermis and inner tissues of the convex side of the bent root. The complete sequence of images is shown in Supplemental Movie 1 online. Bar = 100 mm. Representative of n = 11 measurements. transiently rose on the convex, stretched side of the developing bend, whereas no Ca 2+ elevation was detectable on the concave side of the root.
Intra-and Extracellular pH Changes Associated with Touch Stimulation
It has previously been shown that mechanical perturbation of suspension-cultured cells triggers an increase in extracellular pH within 10 min (Gao et al., 2007) . Capitalizing on the high sensitivity and wide pH measurement range of proton-selective microelectrodes, we monitored extracellular pH at the root surface during touch stimulation with high temporal resolution. Figure 3A shows that upon contact with the microelectrode (used for both pH recording and as the touch stimulation probe), epidermal cells of the elongation and mature zone consistently exhibited an extracellular pH increase, with surface alkalinizations of up to three pH units within a few seconds.
To improve the spatial resolution of these measurements, we used an imaging approach described previously for use with root hairs (Monshausen et al., 2007) . In brief, the medium surrounding the root was supplemented with the pH sensor fluorescein conjugated to a 10-kD dextran. Confocal imaging of a thin plane of fluorescence around the root could then be converted to a two-dimensional map of extracellular pH changes. Figure 3B shows that with this technique, rapid and large alterations in pH could be detected upon touch stimulation, similar to those reported by the microelectrode approach. However, the imaging revealed that these pH changes were localized to the region of the cell in close proximity to that in contact with the stimulation probe. These pH changes did not spread across the surface of the stimulated cell or appear on adjacent cells. Repeated stimulation of the same cell indicated there was no clear refractory period for this response down to 20-s intervals between stimuli, which represented the minimum interval for a touch-induced extracellular pH increase to show a clear falling phase once it was triggered (see Supplemental Figure 6 online) and so the minimum period in which a refractory period could have been resolved.
To determine whether these large apoplastic pH changes were accompanied by equivalent changes in cytosolic pH, we monitored transgenic Arabidopsis seedlings expressing a soluble pHsensitive variant of green fluorescent protein (GFP) (Monshausen et al., 2007) , which allowed us to ratio-image cytosolic pH simultaneously with extracellular pH. Such analysis revealed that mechanical stimulation triggered changes in cytoplasmic pH, with a transient acidification occurring concomitantly and in phase with the alkalinization of the cell surface (Figures 3B and 3C ; see Supplemental Movie 4 online).
Mechanical Bending of the Arabidopsis Root Triggers a Biphasic Elevation in Extracellular pH
Similar to the effect of localized touch stimulation on extracellular pH fluxes described above, bending a root in the basal elongation/root hair zone using a glass capillary resulted in a rapid burst of extracellular alkalinization ( Figures 4A and 4B ), indicating that mechanical stresses at the organ/tissue level also trigger pH responses. The alkalinization was localized to the convex side of the bend where the tissue was stretched. Little or no pH change was observed on the concave side of the root ( Figure 4B, inset) . Similar to the Ca 2+ transients described above, both short and sustained stimulations triggered a biphasic extracellular alkalinization response, with a first pH peak occurring after 10.1 6 1.9 s and a second peak within 43.7 6 6.9 s (n = 11; Figure 4B ).
To investigate whether the forces generated by growth could also trigger such a pH response, we again used the barrier assay. Once the vertically growing root had encountered the barrier and started to slip sideways, the rapid curvature development in the elongation zone was accompanied by an alkalinization of the root surface on the stretched convex side of the bend (Figures 5A and 5B; see Supplemental Movie 5 online). No change in surface pH was observed on the concave side of the bend.
Cell Wall-Localized ROS Production Associated with Mechanical Stimulation
To measure extracellular ROS production during mechanical stimulation, we employed an imaging approach described previously using OxyBURST Green H 2 HFF-BSA (Monshausen et al., 2007) . This impermeant sensor becomes fluorescent upon oxidation by ROS and so extracellular ROS production can be monitored by the increase in OxyBURST fluorescence. When Arabidopsis seedlings were treated with this sensor, ROSdependent fluorescence around the elongation and mature zone was clearly evident within <1 min of application of the probe, demonstrating constitutive ROS production in this part of the root (see Supplemental Figure 7 online). However, perturbing initiating root hairs with a glass micropipette resulted in a rapid (within 9 s) increase of fluorescence intensity at the cell surface (C) Transient elevation of cytosolic Ca 2+ triggered during the root barrier response. The cartoon on the left shows the vertically growing root as it approaches an impenetrable obstacle (coverglass barrier). Top panels: Bright-field images of a root encountering a barrier. As the root encounters the barrier (at the position marked by the red line), it first presses against the obstacle and finally slides to the side, stretching cells on the convex side of the developing bend. Numbers represent time after the start of slippage, which occurred 25 min after first contact was made with the barrier. The complete sequence of images is shown in Supplemental Movie 2 online. Analysis of root tip angles and displacement along the barrier is shown in Supplemental Figure 5 online (bottom panel). Lower panels: Fluorescence images of a root after it has encountered a barrier. The imaged root region corresponds to the boxed area depicted in the cartoon. Numbers represent time after the start of slippage. A red shift in signal reflects an increase in cytosolic Ca 2+ . Note that the Ca 2+ concentration can be seen to increase in the epidermis and cortex of the convex side of the bend. The complete sequence of images is shown in Supplemental Movie 3 online. Bar = 100 mm. Representative of n = 4 measurements. (Figures 6A and 6B) , suggesting that mechanical stimulation triggered rapid generation of ROS to the cell wall. After ;1 min, the OxyBURST signal decreased at the site of touch stimulation (Figures 6A and 6B) . As OxyBURST is irreversibly oxidized by ROS to become fluorescent, this reduction in signal most likely represents a combination of decreased ROS production by the cell and diffusion of the activated OxyBURST away from this region. Thus, although the precise kinetics of fluorescence decrease are unlikely to directly reflect the duration of ROS production upon touch stimulation, this assay does show that ROS production in response to touch is transient, terminating within 1 to 2 min of the initial stimulation ( Figure 6A ). To ensure that these changes in fluorescence reflected ROS production, we confirmed that this touch-induced increase in OxyBURST fluorescence was blocked by addition of the antioxidant ascorbic acid ( Figure 6A ).
Because irreversibly oxidized OxyBURST accumulates over time, leading to saturation of fluorescence around the root, it was impossible to monitor ROS production during the barrier growth response. However, applying our assay to impose a bend on a root using a glass capillary elicited a rapid asymmetric burst of extracellular ROS, which in 33% of cases was biphasic ( Figure  6C ; see Supplemental Movie 6 online). We therefore next sought to define the source of this mechanically triggered ROS production.
The NADPH oxidases are a family of membrane-localized enzymes that have been linked to ROS generation in general in plants ( Mori and Schroeder, 2004) . The NADPH oxidase RBOH C is expressed in roots and has been shown to contribute to ROS production related to root hair elongation (Foreman et al., 2003; Monshausen et al., 2007; Takeda et al., 2008) . We therefore investigated touch-related ROS production in the knockout mutant of RBOH C, rhd2 (Foreman et al., 2003) . In contrast with the touch-induced OxyBURST signal seen in wild-type plants, touch stimulation of the initiating root hairs of the rhd2 mutant did not elicit a detectable alteration in OxyBURST fluorescence intensity ( Figure 6B ). Thus, in root hairs, RBOH C is likely an important source for the ROS produced in the wall during the rapid oxidative burst triggered by touch.
However, RBOH C seems to play only a minor role in generating the ROS burst elicited by mechanical stimulation elsewhere in the root. Thus, bending rhd2 roots triggered a strong ROS burst on the convex side of the root, reminiscent of the wild-type response (see Supplemental Figure 8A online). In 50% of the cases, this ROS production was biphasic; indeed, it was more clearly biphasic in rhd2 than in the wild type, possibly because wild-type roots with root hairs have higher baseline ROS generation, which partially masks these subtle changes in the kinetics of ROS production. This observation suggests that the oxidative environment of the root is predominantly regulated by other ROS-producing enzymes. We have previously demonstrated that the root hair phenotype of rhd2 can be rescued by growth at elevated pH. In rhd2 roots grown in the high pH designed to rescue the defective root hair phenotype (Monshausen et al., 2007) , a wild-type pattern of ROS-dependent OxyBURST fluorescence was observed along the main root axis (see Supplemental Figure 8B online), consistent with a minor role for RBOH C in ROS production outside of tip-growing root hairs.
Touch-Induced pH Changes and ROS Production Occur Independently of Each Other
The rapid and local effects of touch on pH and ROS production described above led us to ask whether these changes were either coupled or dependent upon one another.
We reasoned that if the touch-induced change in extracellular pH activates RBOH C-dependent ROS production, chemically clamping the pH to similar values as occur during mechanical stimulation should mimic this effect. However, addition of alkaline medium buffered to pH 7.5 with 50 mM HEPES did not result in production of ROS as monitored by OxyBURST fluorescence ( Figure 7A ). Similarly, buffering the medium to attenuate touchinduced alkalinization did not inhibit ROS production ( Figure 7A ).
To investigate whether ROS play a role in triggering pH changes during the touch response, we treated roots with 100 mM of the ROS scavenger ascorbic acid. These treated roots still generated strong touch-induced surface alkalinization ( Figure  7B ) but failed to show touch-induced ROS production ( Figure  6A ). Furthermore, mechanically stimulating initiating root hairs of rhd2 induced strong transient surface alkalinizations ( Figure 7C ) despite these cells failing to show touch-induced ROS production ( Figure 6B ). To further test the idea that ROS production and extracellular alkalinization are independent processes, we also exposed roots to 10 to 100 mM H 2 O 2 but observed no rapid pH change in the root hair zone related to this treatment (see Supplemental Figure 9 online). Ca 2+ Regulation of pH Changes and ROS Production As described above, mechanical stimulation of the Arabidopsis root is related to elevations in cytoplasmic Ca 2+ , the kinetics of which are very similar to mechanically triggered pH and ROS changes (cf. Figures 2 to 6 ). We therefore next investigated the potential role for Ca 2+ in a signal transduction pathway activating proton transport and/or ROS generation at the plasma membrane. Figure 8 shows that artificially increasing the cytosolic Ca 2+ concentration with the Ca 2+ ionophore A23187 rapidly induced an increase in ROS-dependent OxyBURST fluorescence as well as a transient increase in surface pH and decrease in cytoplasmic pH. Consistent with a role for Ca 2+ in triggering both pH and ROS changes as part of the mechanically sensitive signal transduction system, blocking the mechanically triggered Ca 2+ increase by pretreatment with La 3+ completely inhibited the touch-and bending-induced surface alkalinization and production of extracellular ROS (Figures 9A and 9B ; see Supplemental Figure 10 online). However, wounding an La 3+ -treated root cell by impalement with a micropipette elicited a transient surface pH change along the entire affected cell (see Supplemental Figure  11 online). Such wounding created a conduit for Ca 2+ entry into the cytosol from the extracellular space, circumventing the block of channel-mediated Ca 2+ entry caused by La 3+ . This response to wounding thus indicated that La 3+ had not inhibited the ability of the cell to exhibit changes in pH per se but was likely blocking the initial Ca 2+ influx required to trigger them.
DISCUSSION
Mechanical Perturbation and Ca 2+ Signature
The cytosolic concentration of Ca 2+ rises in response to a wide range of stimuli, consistent with the role of Ca 2+ as a ubiquitous second messenger in plants. However, a pressing question remains as to whether and how such changes in Ca 2+ levels Because OxyBURST is irreversibly oxidized by ROS to become fluorescent, the measured fluorescence intensity reflects a combination of accumulated ROS production and diffusion. Assuming that the diffusion rate is constant, no change in fluorescence intensity indicates that OxyBURST is being oxidized at the same rate as it diffuses away from the root; an increase in fluorescence reflects a higher rate of OxyBURST oxidation (i.e., ROS production) relative to diffusion; a reduction in fluorescence indicates that the rate of OxyBURST oxidation (ROS production) has decreased, but the precise kinetics of the loss in fluorescence will reflect contributions from both reduced ROS production and diffusion of the accumulated fluorescent OxyBURST from the root. (A) Effect of touch on extracellular ROS and inhibition of touch-induced ROS production by 100 mM ascorbic acid. For touch, ROS-dependent OxyBURST fluorescence was measured at the surface of the cell, as indicated in the inset image. Note that in the presence of the ROS scavenger ascorbic acid, touch stimulation did not elicit any detectable increase in fluorescence. Representative of n $ 9 separate experiments. a.u., arbitrary units. (B) Effect of touch on ROS production in the wild type and the rhd2 mutant. Note that while initiating root hairs of the wild type show a strong increase in ROS production upon a touch stimulus, no such response is detectable in rhd2. Results represent mean 6 SE of n = 10 (wild type) and n = 7 (rhd2) measurements. Asterisk indicates fluorescence intensity becoming significantly different from prestimulus intensity at 9 s (t test, P < 0.05). (C) Effect of bending on root extracellular ROS production. OxyBURST was added to the medium at À70 s, and ROS-dependent accumulation of fluorescence at the root surface was monitored. At À8 s, the medium was gently mixed by pipetting to dissipate the fluorescence gradient around the root, after which the root was bent (0 s). Note the strong increase in fluorescence asymmetry after the bending stimulus, indicating enhanced ROS production on the convex side of the root. A clear asymmetry was observed in six of nine experiments, with two roots showing the possibly biphasic ROS increase depicted here. A complete sequence of fluorescence images of root bending is shown in Supplemental Movie 6 online. encode information that can be deciphered by plants to initiate stimulus-specific responses (McAinsh and Pittman, 2009) . Previous studies have established that mechanical stimulation elicits a transient increase in cytosolic Ca 2+ and that tissue sensitivity and stimulus intensity can affect the duration and amplitude of this Ca 2+ transient (e.g., Knight et al., 1991; Haley et al., 1995; Legue et al., 1997) . However, our findings indicate that there are not only quantitative but also qualitative differences between Ca 2+ responses triggered by distinct mechanical perturbations (Figures 1 and 2) . Thus, we observed that a strictly localized deformation of the cell surface, such as is thought to occur during pathogen entry (Hardham et al., 2008) , provoked a monophasic Ca 2+ increase, which was initiated at the site of touch and then spread throughout the cytoplasm. By contrast, tissue-wide tensile stresses imposed by bending a root consistently elicited a biphasic Ca 2+ response in cells under tension, but not in those under compression. While compression of cells during bending triggered only weak transient Ca 2+ elevations, the release of compression was accompanied by a strong monophasic Ca 2+ increase if compression had been sustained for several minutes (see Supplemental Figure 3 
online).
Critically, Ca 2+ changes could not only be imposed experimentally by manually manipulating the root, but equivalent changes occurred in response to endogenously generated forces. Thus, Ca 2+ increases were observed in cells stretched as part of the response to encountering a barrier to growth (Figures 1 and 2 ). These observations suggest that mechanically induced Ca 2+ signals may be an intrinsic component of the stresses inherent in turgor-driven growth.
Our results suggest that Ca 2+ influx across the plasma membrane is a requirement for both the monophasic and biphasic Ca 2+ elevations. Thus, a brief pretreatment with the Ca 2+ channel blockers La 3+ or Gd 3+ completely inhibited all mechanically induced Ca 2+ responses (see Supplemental Figure 2 online). In our hands, these blockers were effective at consistently abolishing the Ca 2+ response only at extracellular Ca 2+ concentrations of #0.2 mM. At 1 mM Ca 2+ , bending experiments elicited a (albeit attenuated) Ca 2+ increase even in the presence of 1 mM LaCl 3 . This observation may explain the conflicting results of Legue et al. (1997) , who detected no clear La 3+ inhibition of touchinduced Ca 2+ increases in roots under conditions of $1 mM extracellular Ca 2+ and so concluded that mechanical stimulation triggers Ca 2+ release primarily from internal stores. While plasma membrane Ca 2+ permeable channels likely mediate the initial rise in cytosolic Ca 2+ , their activation may not be sufficient to account for the persistence of the Ca 2+ signal or its migration throughout the cytoplasm (Figures 1 and 2) . The high Ca 2+ -buffering capacity of the cytoplasm attenuates the magnitude of Ca 2+ elevations and diffusion of Ca 2+ within the cell, suggesting that the propagation of Ca 2+ increases away from the plasma membrane is likely to be sustained by release of Ca 2+ from internal stores. (A) ROS production is independent of extracellular pH changes. Closed diamonds: Extracellular ROS production as monitored by OxyBURST (OB) fluorescence is not affected by a sudden exposure of the root to high extracellular pH (10 mM HEPES, pH 7.5). OxyBURST (200 mL) was added to the cuvette at ;40 s (first black arrow). An additional 200 mL of 20 mM HEPES + OxyBURST were added at ;120 s (second black arrow) for a final concentration of 10 mM HEPES. Open diamonds: Touch-induced ROS production as monitored by OxyBURST fluorescence is not inhibited by buffering the medium with 10 mM MES, pH 6.0. Touch stimulation is indicated by the arrow. Representatives of n = 3 measurements, respectively. (B) and (C) Touch-induced extracellular alkalinization is not inhibited by scavenging extracellular ROS with 100 mM ascorbic acid (B) or by loss of touch-induced ROS production in the rhd2 mutant background (C). Arrows indicate touch stimulation. Representative of n > 10 measurements.
Ca 2+ -dependent mobilization of Ca 2+ from intracellular stores has been shown to be crucial for the propagation of Ca 2+ waves in animal cells, such as neurons and eggs (Berridge, 2002; Galione and Churchill, 2002 Monshausen and Gilroy, 2009 ), whose juxtaposed activation may trigger Ca 2+ influx through different subsets of plasma membrane channels, may add further flexibility to this signaling system. Differential activation of mechanoreceptors could explain, for example, the dichotomy between Ca 2+ responses elicited by tension and release of prolonged compression, both of which triggered a strong rapid Ca 2+ increase, but only one of which was followed by a second slower Ca 2+ transient (see above). It is also important to note that in addition to blocking Ca 2+ channel action, high concentrations of La 3+ have been reported also to affect, for example, anion channel activity (Lewis and Spalding, 1998) . Thus, although the inhibitory effects of La 3+ and Gd 3+ on mechanically induced Ca 2+ , pH, and ROS changes are strongly suggestive of a role for plasma membrane Ca 2+ permeable channels in triggering these events, we must await molecular characterization of the mechanism of touch-induced Ca 2+ entry to be certain of this possibility. Unfortunately other putative Ca 2+ channel blockers, including up to 1 mM verapamil and nifedipine, have proven ineffective in blocking these mechanically induced Ca 2+ increases.
Mechanical Stimulation Triggers Ca 2+ -Dependent Changes in Plasma Membrane Proton Fluxes
The Ca 2+ signals described above appear intimately connected to mechanoperception (Monshausen et al., 2008b) . However, while many thigmomorphogenetic responses have been described in exquisite detail (reviewed in Braam, 2005) , our understanding of the signaling pathways linking these initial Ca 2+ signals to downstream transcriptional or developmental responses is still fragmentary.
Our results show that in addition to generating rapid Ca 2+ signals, intact seedlings of Arabidopsis respond to mechanical stimulation with rapid and substantial changes in cytoplasmic and extracellular pH (Figures 3 to 5 ). Both the timing and amplitude of these changes closely mimicked those of mechanically triggered Ca 2+ transients (Figures 1 to 5 ), suggesting a relationship between Ca 2+ and pH changes. Consistent with this idea, pH responses were abolished by pretreatment with the Ca 2+ channel blockers La 3+ or Gd 3+ (Figure 9 ) but could be induced in the absence of stimulation by artificially elevating Ca 2+ levels (Figure 8 ), indicating that Ca 2+ influx is both necessary and sufficient for triggering pH changes.
Mechanically induced increases in root surface pH appeared to be linked temporally and in magnitude with decreases in cytoplasmic pH, suggesting that extracellular alkalinization and cytoplasmic acidification are mechanistically coupled. A similar relationship between cytosolic and wall pH changes has been suggested in growing root hairs and pollen tubes (Messerli and Robinson, 1998; Messerli et al., 1999; Monshausen et al., 2007) . The H + -ATPase and plasma membrane ion channels have all been shown to be modulated by cytoplasmic Ca 2+ levels (Schroeder and Hagiwara, 1989; Hedrich et al., 1990; Kinoshita et al., 1995; Lino et al., 1998) , providing possible mechanisms whereby altered Ca 2+ levels may translate into the changes in plasma membrane H + flux we have observed.
The ability of a cell to rapidly change bulk cytosolic and surface pH has the potential to alter many facets of cell wall and cytoplasmic functions, making pH a strong candidate for propagating signaling information. Indeed, while our measurements show that the surface pH rises by up to 3 units and the bulk cytosol acidifies by 0.4 units within seconds (Figure 3) , the shift in proton concentration in the immediate vicinity of the plasma membrane may be even larger. Changes in pH on this scale should dramatically affect the activity of numerous proteins. For example, pH is well characterized as a regulator of plasma membrane transporters (Blatt, 1992; Regenberg et al., 1995) , proteins associated with the cytoskeleton (Allwood et al., 2002; Frantz et al., 2008) , and aquaporins (Verdoucq et al., 2008) . Changes in cytosolic pH will also alter the binding affinity of EF hand-containing Ca 2+ binding proteins, such as calmodulin (Busa and Nuccitelli, 1984) , and pH changes have been shown to modulate gene transcription (Lapous et al., 1998) . The alteration of proton fluxes thus represents one mechanism to transduce mechanical perception to the cytosolic activities and transcriptional changes characterized as accompanying mechanoresponses.
Increases in extracellular pH are also expected to regulate a number of enzymes known to affect cell wall rigidity (Price et al., 2003; Bosch and Hepler, 2005; Di Matteo et al., 2005; Parre and Geitmann, 2005; Almagro et al., 2009 ) and, indeed, have been shown to help stabilize the cell wall of growing root hairs (Monshausen et al., 2007) . Such observations suggest a general response that whenever a cell experiences mechanical strain, either generated internally by a burst of expansion ( Figure 5 ; Monshausen et al., 2007) or imposed externally via environmental stress (Figures 3 and 4) , it will transiently raise the extracellular pH to secure the cell wall. Thus, a coordinated change in cytosolic and wall pH is likely to have widespread regulatory effects at levels from the modulation of wall structure to cytosolic enzyme activities and gene transcription, providing a mechanism to coordinate the diverse physiological and developmental effects that define the mechanical response system of the plant.
Mechanical Stimulation Triggers Ca 2+ -Dependent Changes in ROS Production
In addition to characterizing the rapid Ca 2+ -dependent pH response, we were also able to directly and noninvasively monitor rapid and transient changes in ROS production associated with root responses to touch stimulation. Mechanical effects on cytosolic ROS levels have been investigated previously by monitoring dichlorofluorescin fluorescence (Yahraus et al., 1995; Gus-Mayer et al., 1998) . Using this intracellular probe, it was shown that sustained mechanical stress induces ROS production in suspension cultured soybean (Glycine max) and parsley (Petroselinum crispum) cells within 4 to 10 min (Yahraus et al., 1995; Gus-Mayer et al., 1998) . Our experiments using OxyBURST-BSA demonstrate that in intact root tissue, rapid localized generation of extracellular ROS can be detected within 9 s of a touch stimulus (Figure 6 ). This ROS burst was sensitive to Ca 2+ channel blockers ( Figure 9 ) and could be induced by treatment with Ca 2+ ionophore (Figure 8 ), indicating that ROS production was also rapidly activated by the touchassociated Ca 2+ increase. These results are consistent with the described Gd 3+ /La 3+ sensitivity of the oxidative burst in soybean and parsley suspension cells (Yahraus et al., 1995; Gus-Mayer et al., 1998) .
In root hairs, we observed that touch-stimulated ROS production was dependent on RBOH C, an Arabidopsis homolog of the phagocyte NADPH oxidase subunit gp91 phox (Foreman et al., 2003) . Thus, while ROS-dependent fluorescence of OxyBURST-BSA increased strongly within 9 s of touch stimulation, no such increase was ever observed in mechanically stimulated rhd2, (A) Inhibition of touch-induced ROS production by 100 mM LaCl 3 . Data are means ± SE of five experiments. (B) Inhibition of touch-induced surface pH changes by 100 mM LaCl 3 . pH was measured at the surface of an atrichoblast in the mature zone of the root using a proton-selective microelectrode. Representative of n = 12 separate experiments.
an Arabidopsis mutant lacking a functional RBOH C (Figure 6 ). Intriguingly, the ability to bind Ca 2+ is essential to the activation of RBOH C and D when expressed heterologously in mammalian HEK 293T cells (Ogasawara et al., 2008; Takeda et al., 2008) , and our results indicate that such Ca 2+ -dependent activation of RBOH C also likely occurs in planta. While it seems plausible that similar regulatory mechanisms were responsible for triggering ROS production during root bending, mechanically stimulated ROS production was still seen upon bending rhd2 roots (see Supplemental Figure 8 online). Of the 10 RBOH genes found in the Arabidopsis genome, eight are expressed in roots (Sagi and Fluhr, 2006) , raising the possibility of a high level of redundancy.
What are the potential targets of ROS generated during responses to mechanical stress? While long-term effects likely include regulation of gene expression (Apel and Hirt, 2004) , rapid ROS production to the apoplast should rigidify and strengthen the cell wall through oxidative cross-linking of cell wall components (Campbell and Sederoff, 1996; Brady and Fry, 1997; Kerr and Fry, 2004) . Such a role in enhancing cell wall stability is supported by the observation that defects in ROS production lead to bursting of growing root hairs, as does scavenging of extracellular ROS. Conversely, treatment with exogenous ROS immediately inhibited cellular expansion (Monshausen et al., 2007) . Consistent with these ideas, increased production of ROS was shown to protect Fucus rhizoids from cell wall rupture during hypoosmotic shock (Coelho et al., 2002) . Thus, ROS production may be coordinated with an elevation of apoplastic pH to fortify the wall and so contribute to the reduced stature, slower growth, and increased robustness of plants exposed to mechanical stresses (Mitchell, 1996) .
In summary, we have found that distinct mechanical stresses elicit cytosolic Ca 2+ elevations with stimulus-specific signatures. Based on the pharmacological evidence we have presented, we propose that these Ca 2+ transients are initiated by Ca 2+ influx across the plasma membrane. Mechanical stresses also trigger rapid ROS production to the wall and proton influx to the cytoplasm, with concomitant wall alkalinization. As these changes closely mimic the kinetics of observed Ca 2+ transients and are inhibited by blockers of Ca 2+ influx, we hypothesize that elevation of cytoslic Ca 2+ levels may regulate ROS generation and proton fluxes. Importantly, we have shown that this signal transduction pathway is not just triggered when mechanical stresses are imposed exogenously, but is potentially part of a Plants can be mechanically perturbed exogenously, for example, during wind stress and by obstacles in the soil, but plants also generate mechanical stresses internally, for example, as tissue tension or during cell elongation. Perception of these stresses likely occurs through sensing the deformation of the cell wall and appressed plasma membrane via activation of mechanosensors, such as stretch-gated Ca 2+ permeable channels (1) and/or putative cell wall integrity sensors (2). This activation leads directly (3) or indirectly (4) to an influx of Ca 2+ into the cytoplasm. Within the cytoplasm, the Ca 2+ signal is amplified, for example, through Ca 2+ -dependent mobilization of Ca 2+ from internal stores (5). At the plasma membrane, elevated Ca 2+ levels activate plasma membrane NADPH oxidases through the Ca 2+ binding EF hand motifs, resulting in NADPH oxidation (6) and extracellular superoxide (ROS) production (7). In the cell wall, superoxide is dismutated to H 2 O 2 (8), which can easily diffuse back into the cytoplasm. Elevated Ca 2+ levels also lead to cytosolic acidification and cell wall alkalinization: both Ca 2+ -dependent activation of NADPH oxidation (6) and inhibition of plasma membrane H + ATPases (9) contribute to this pH change; however, the rapidity and magnitude of the pH changes suggest the involvement of other transporters, such as unselective cation or anion channels (10), which may mediate H + or OH À fluxes to quickly alter extra-and intracellular pH. Cytosolic ROS, acidification, and Ca 2+ increase are all known to elicit signaling events. Similarly, elevated wall pH and ROS are known to rigidify the cell wall matrix. Intriguingly, similar signaling cascades have also been described during defense responses (Garcia-Brugger et al., 2006) , suggesting that this suite of coupled changes in cytosolic and wall environment (alterations in ROS, pH, and Ca 2+ ) represents a fundamental response cassette that is used by plants to protect themselves against a range of environmental insults but has also been recruited to monitor and regulate cellular expansion. ER, endoplasmic reticulum; V, vacuole. plant's response repertoire to the mechanical strain experienced under normal growth conditions (Figure 10 ). Indeed, elements of this mechanically induced signaling cascade have also been found in tip-growing root hairs and pollen tubes (Messerli and Robinson, 1998; Messerli et al., 1999; Monshausen et al., 2007 Monshausen et al., , 2008a . In these cell types, turgor-driven growth oscillates between rates of accelerated and decelerated elongation. Intriguingly, these growth oscillations, which are likely accompanied by oscillations in mechanical strain, are also tightly correlated with oscillations in Ca 2+ , pH, and ROS. It therefore seems plausible that a general mechanism for monitoring and responding to strain has been recruited to serve in a negative feedback loop to limit cellular expansion.
METHODS
Plant Material
Surface-sterilized Arabidopsis thaliana (Columbia) wild-type and rhd2 (Foreman et al., 2003) seeds were germinated in Petri dishes on the surface of sterile 1% (w/v) agar containing one-quarter strength Murashige and Skoog basal salt mixture (Sigma-Aldrich) and 1% (w/v) sucrose, pH 5.8. Plants were grown for 4 to 5 d in continuous light at 22 6 28C and mounted in purpose-built chambers as previously described (Monshausen et al., 2007) .
Mechanical Stimulation and Inhibitor Studies
Arabidopsis roots were mechanically stimulated following three different protocols: (1) Individual epidermal cells were touched by rubbing a glass micropipette tip along the cell surface using a micromanipulator. (2) Roots were bent in the proximal elongation/mature zone. To impose a bend, the base of the root was immobilized in agarose, and the exposed part of the root was flexed with the aid of a glass capillary. (3) Vertically oriented roots immersed in agarose were grown into a barrier consisting of a piece of coverglass placed perpendicular to the root long axis (see Massa and Gilroy, 2003) .
Root tip angles and root growth were analyzed using the Zeiss LSM 510 analytical software. For treatments with the Ca 2+ ionophore A23187 (0.1% DMSO final concentration), the Ca 2+ channel blockers Gd 3+ and La 3+ , and the ROS scavenger ascorbic acid, roots were either pretreated with the respective compounds for <10 min, or the compound was added during the course of the experiment as indicated in the figure legends.
Electrophysiology
Proton-selective microelectrodes were used to measure extracellular pH at the surface of Arabidopsis root hairs and epidermal cells. The preparation of the electrodes and seedling setup have been described previously (Monshausen et al., 2007) . Surface pH was monitored by positioning the electrode tip 1 to 2 mm from the cell surface. To administer a touch stimulus, the electrode tip was pushed against and rubbed along the cell surface. Control experiments in medium buffered with 10 mM MES, pH 6, or containing inhibitors, such as 100 mM La 3+ and Gd 3+ , showed that contact of the electrode with the cell surface introduced only a minor shift in the measured voltage in the range of <6 mV.
Simultaneous Measurement of Cytosolic and Extracellular pH
Wild-type Arabidopsis plants or Arabidopsis expressing a pH-sensitive variant of GFP (H148D) were mounted in purpose-built chambers, bathed in medium containing fluorescein-10 kD dextran (aequeous minimal medium for touch and bending experiments; 1% agarose minimal medium for barrier experiments), and imaged, all as previously described (Monshausen et al., 2007) . In brief, the GFP and fluorescein fluorophores were imaged using a Zeiss LSM 510 confocal microscope and alternating 458-and 488-nm excitation, 488-nm dichroic mirror, and 505-nm long-pass emission filter. For touch experiments, a 340 1.2 numerical aperture, C-Apochromat, water immersion objective was used. For bending and barrier response experiments, roots were imaged with a 310 0.3 numerical aperture Plan-Neofluar objective. For touch and bending experiments, simultaneous bright-field images were collected with each 488-nm excitation scan using the transmission detector. pH measurements during the barrier response were performed by mounting the experimental chamber containing the Arabidopsis seedling on a custom-built vertical stage (Kramer, 2004) and redirecting the light path of the LSM 510 to the sample via a custombuilt periscope (LSM Technologies) for vertical stage confocal microscopy. Because vertical stage confocal microscopy did not allow for simultaneous acquisition of bright-field images, we obtained highresolution bright-field images of a root growing into a barrier using a vertical stage Nikon Diaphot TE300 microscope.
Ratio analysis of fluorescence intensities in defined regions of interest was performed using the analytical software of the LSM 510. Extracellular and cytosolic pH measurements were calibrated as described (Monshausen et al., 2007) .
Measurement of Cytosolic Ca 2+ Using Cameleon YC 3.6
Stably transformed Arabidopsis expressing the yellow cameleon YC3.60 construct driven by the 35S promoter (35S:YC3.6 in pEarleyGate 100) were imaged using the META detector of the Zeiss LSM 510 confocal microscope as described (Monshausen et al., 2008a) . For touch experiments, the 340 water immersion objective was used; for bending and barrier response experiments, roots were imaged with the 310 objective described above or a 320, 0.8 numerical aperture Plan-Apochromat objective. With increasing Ca 2+ concentration, the cameleon YC3.6 sensor shows an increase in FRET signal and decrease in cyan fluorescent protein fluorescence intensity. Ratio analysis of fluorescence intensities in defined regions of interest was performed using the analytical software of the LSM 510.
Monitoring Extracellular ROS with OxyBURST-BSA Extracellular release of ROS from Arabidopsis roots was monitored using the fluorogenic reagent OxyBURST Green H 2 HFF made cell impermeable by conjugation to BSA (Molecular Probes). Roots were incubated in the presence of the fluorogenic reagent (100 mg mL 21 ), and fluorescence accumulation was recorded using the Zeiss LSM 510 laser scanning confocal microscope. The fluorescent oxidized product was excited with the 488-nm line of an argon ion laser. Emission was monitored using a 488-nm primary dichroic mirror and a 505-nm long-pass filter. Fluorescence intensities are presented in arbitrary units. We normalized values by determining the average prestimulus fluorescence intensity for each measurement, calculating the difference between this average and 100 and then adding this difference to all values in the measurement, thereby shifting each curve so that the prestimulus average was now 100 arbitrary units. The exception to this presentation is experiments where measurements started prior to OxyBURST addition; here, presented values reflect absolute pixel intensities measured in each ROI. Because OxyBURST is irreversibly oxidized to a fluorescent product, we could not use this approach to monitor the exact time course of ROS transients. However, OxyBURST did provide a sensitive measure of the onset of ROS production at the cell surface.
Accession Number
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under accession number At5g51060 (Arabidopsis RBOH C).
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